We investigated the recrystallization behavior of a cold-rolled CoCrCuFeNi high-entropy alloy (HEA). Two different face-centered cubic phases having different chemical compositions and lattice constants in the as-cast specimen have different chemical compositions: One phase was the Cu-lean matrix and the other was the Cu-rich second phase. The second phase remained even after a heat treatment at 1373 K (1100°C) and Cu enriched more in the Cu-rich second phase. The calculated mixing enthalpies of both Cu-lean and Cu-rich phases in the as-cast and heat-treated specimens explained that Cu partitioning during the heat treatment decreased the mixing enthalpy in both phases. In the specimens 90 pct cold rolled and annealed at 923 K, 973 K, and 1073 K (650°C, 700°C, and 800°C), recrystallization proceeded with increasing the annealing temperature, and ultrafine recrystallized grains with grain sizes around 1 lm could be obtained. The microhardness tended to decrease with increasing the fraction recrystallized, but it was found that the microhardness values of partially recrystallized specimens were much higher than those expected by a simple rule of mixture between the initial and cold-rolled specimens. The reason for the higher hardness was discussed based on the ultrafine grain size, sluggish diffusion expected in HEAs, and two-phase structure in the CoCrCuFeNi alloy.
I. INTRODUCTION
IN metallurgy, it is general to design a new alloy by selecting one major element and considering small amounts of alloying elements to achieve certain properties. Such a traditional way has enlarged our understanding about various effects of small amounts of additional elements in metallic materials. In 2004, on the other hand, Cantor et al. designed new alloys that consisted of 5 to 20 elements with equiatomic percent where there was no longer major element unlike conventional alloys previously designed. [1] Many researchers have studied such multi-elements alloys composed of nearly equiatomic compositions, which often show single-phase solid solution and are named as high-entropy alloys (HEAs). [2] [3] [4] [5] [6] [7] [8] [9] [10] HEAs have attracted increasing attention because they often show superior mechanical properties, such as high strength, large strain-hardening capabilities, high fracture toughness, and so on. [5] [6] [7] [8] [9] By now, however, most studies on HEAs carried out at the laboratory scale have dealt with as-cast materials or those just after simple homogenization heat treatment. Similar to conventional metals and alloys, there is a great possibility of microstructural control through thermomechanical processing in HEAs for improving their properties. Because low diffusivity is expected in HEAs [3, 10] fine and thermally stable grain structures are expected to be achieved. In this study, we have focused on clarifying deformation and recrystallization behaviors of an HEA.
One critical issue in the field of HEAs is how to predict which phases exist in a given composition. There are no reliable phase diagrams for multielementary HEAs. In case of binary alloys, Hume-Rothery theory based on differences in atomic size, electron concentration, electronegativity, and relative valence are well known for predicting the solubility, [11] but it is unclear whether the same procedures are applicable to HEAs including a large concentration of many elements. It has been, however, reported that two factors, i.e., mixing enthalpy (DH mix ) and atomic size difference (d), are dominant to predict the phase stability in a given HEA composition. [4, 5, 11, 12] According to previous reports, [4] CoCrFeNiMn, CoCrCuFeNi, and CoCrFeNiV alloys are predicted to show single solid solutions without any intermetallic compounds. A few reports describe the recrystallization behaviors of CoCrFeNiMn, [6, 7, 13] but recrystallization studies in CoCrCuFeNi and CoCrFeNiV alloys have not been carried out yet. In the current study, therefore, we investigate recrystallization behaviors of CoCrCuFeNi HEA through conventional cold rolling and subsequent annealing heat treatment.
II. EXPERIMENTAL PROCEDURES
The material used in the current study was an equimolar CoCrCuFeNi alloy (20 mol pct for each element) that was cast with the pseudo float melting process that brings almost homogeneous distribution of each element. [14] An as-cast HEA rod 10 mm in diameter and 60 mm in length was homogenized at 1373 K (1100°C) for 12 hours, followed by water cooling. A specimen 4.6 mm long was cut from the homogenized rod, and rolled by 90 pct reduction in thickness at room temperature to obtain a sheet specimen 0.46 mm thick. The cold-rolled specimen was annealed at 873 K, 923 K, 973 K, and 1073 K (600°C, 650°C, 700°C, and 800°C, respectively) for 1.8, 3.6, and 7.2 ks. Microstructures of the cold-rolled and annealed specimens were observed by a field-emission scanning electron microscope (SEM) with backscattered electron (BSE) and electron backscattering diffraction (EBSD) detectors. Chemical composition at local areas in the specimens was measured by using energy-dispersive X-ray spectroscopy (EDS) in SEM. For the microstructural observations, cross sections perpendicular to the rolling direction (RD) of the cold-rolled and annealed specimens were mechanically polished and then electropolished in a solution of 10 pct HClO 4 and 90 pct CH 3 COOH at room temperature. The recrystallized grain sizes in the annealed specimens were measured by a mean linear intercept method on BSE-SEM images. Phase identification was carried out by the use of X-ray diffraction (XRD) patterns using Cu-Ka at 45 kV and 40 mA. A Vickers hardness test was also carried out, using a load of 9.8 N and duration time of 10 seconds.
III. RESULTS AND DISCUSSION

A. Phase Analysis of the Alloy
The SEM microstructure of the as-cast specimen is shown in Figure 1 . The specimen shows a dendrite structure, and two different regions (possibly different phases) with different contrasts are observed in Figure 1 . An EDS analysis was carried out in two regions shown in Figure 1(b) , and it was shown that two regions had different chemical concentrations as summarized in Table I . A major difference between two regions is the copper content. The region with dark contrast (zone 1) is Cu lean, whereas Cu is enriched in the region with white contrast (zone 2). The XRD pattern of the as-cast specimen shown in Figure 2 indicates that two different phases have the same face-centered cubic (fcc) structure but different lattice parameters, 0.36148 and 0.35859 nm. As the area fractions of Cu-rich and Culean regions in Figure 1 are 0.23 and 0.77, respectively, the Cu-rich and Cu-lean phases should have the lattice parameters of 0.36148 and 0.35859 nm, respectively. It is considered, therefore, that Cu is discharged from the primarily solidified phase (dark phase in Figure 1 ) and enriched to form another Cu-rich phase. No peaks correspond to the superlattice diffractions in Figure 2 , which suggests both fcc phases are solid solutions. If so, then it is curious that two different solid-solution phases with the same crystal structure coexist in the solidified structure.
The as-cast specimen was homogenized at 1373 K (1100°C) for 12 hours, and the SEM microstructures of the homogenized specimen are shown in Figure 3 . After the homogenization treatment, coarse matrix grains with a mean grain size of 350 lm are observed instead of dendrite structure, as shown in Figure 3 Table II . Compared with the as-cast specimen (Table I) , the difference in Cu-concentration between the Cu-rich phase and the Cu-lean phase increased by the heat treatment. When we consider the chemical mixing enthalpy in binary systems composed of two elements included in the current alloy, it may be possible to explain the observed phase separation. other four elements and tend to form Cu-Cu bonding in terms of enthalpy, which seems to correspond qualitatively with the result of phase separation in the current alloy. A consideration of mixing enthalpy has been also adapted to multielementary HEAs. [9, 11, 12, 15] Equation [1] describes how to obtain the empirical mixing enthalpy in a given HEA. [9, 11, 12] 
where DH mix is the predicted mixing enthalpy of the system, N is the number of elements involved in the alloy, DH mix AB is the mixing enthalpy of binary system consisting of elements i and j, and c i is the atomic percent of the ith element. The calculated mixing enthalpies in the Cu-rich phase in both as-cast and homogenized specimens are +3.1 and +2.2 kJ mol À1 , which are much higher than those of the Cu-lean phase in two specimens (Table IV) . The reason of Cu partitioning during the heat treatment is reasonable in terms of reducing the mixing in this alloy system. Figure 4 shows SEM-BSE images of the specimens cold rolled to a 90 pct reduction in thickness. Hardness increased from 139 HV of the 1373 K (1100°C) heattreated specimen to 330 HV by the 90 pct cold rolling. The gray areas are the Cu-lean phase, and the black areas are the Cu-rich phase. Both Cu-rich and Cudepleted phases are elongated to RD, and deformation structures are developed in the Cu-lean matrix. Figure 5 represents SEM-BSE images of the specimens 90 pct cold rolled and subsequently annealed at various temperatures from 873 K to 1073 K (600°C to 800°C) for 1.8 ks. Recrystallized microstructures could be distinguished in the Cu-lean matrix, whereas no substructures can be seen in the darkly etched Cu-rich phase. The value of mean microhardness and the area fraction recrystallized (f rex ) are presented in Figure 5 as well. The specimen annealed at 873 K (600°C) seemed not to be Fig. 1(b) recrystallized in the current study because the annealing temperature might be too low for the occurrence of recrystallization. When the annealing temperature was higher than 923 K (650°C), however, some recrystallized grains having different contrasts, i.e., different crystallographic orientations, as shown in Figures 5(b) and (c), and the area fraction recrystallized increased with increasing temperature. As a result, the value of microhardness decreased with increasing annealing temperature. Based on those results, it is possible to determine the recrystallization temperature of CoCrCuFeNi alloy that is in between 873 K and 923 K (600°C and 650°C). This range is close to one half of the melting temperature of CoCrCuFeNi alloy in Kelvin. Tong et al. reported the melting temperature of the present alloy, which is approximately 1653 K (1380°C ). [16] To understand deformation and recrystallization microstructures of the Cu-lean matrix in more detail, an EBSD orientation analysis was conducted. Figure 6 shows inverse pole figure maps of the specimens 90 pct cold rolled and then annealed at various temperatures for different time periods. The colors in the maps indicate crystallographic orientation parallel to RD, according to the key stereographic triangle shown in the figure. Low-angle boundaries with misorientation angles of 2 to 15 deg, high-angle boundaries with misorientation above 15 deg, and R3 twin boundaries are drawn in blue, black, and red lines, respectively. The matrix of the specimen annealed at 873 K (600°C) for 7.2 ks (Figure 6(a) ) contained almost low-angle boundaries and the color within each elongated matrix gradually varied, indicating that the matrix had deformation microstructures partially recovered but unrecrystallized even after 7.2 ks annealing. This result implies that temperature 873 K (600°C) is below the recrystallization temperature of this alloy. However, the specimen annealed at 923 K (650°C) (Figure 6(b) ) showed different microstructural features. Although deformation microstructures partially existed, a large fraction of recrystallized grains was clearly seen in Figure 6 (b). The fraction of high-angle boundaries including twin boundaries within the matrix was 0.59, indicating that recrystallization considerably progressed. The area fraction recrystallized obtained from the EBSD result was 0.62. Figure 6 (c) shows the specimen annealed at 973 K (700°C ) for 1.8 ks. The upper region was almost recrystallized, but the lower region showed unrecrystallized deformation microstructures including a small portion of recrystallization. Such a big difference suggests an orientation dependence of recrystallization in this alloy. Figure 6(d) shows an EBSD map of the specimen annealed at 1073 K (800°C) for 1.8 ks. Most of the matrix areas were covered by recrystallized grains, although there was a small portion of unrecrystallized regions. The fraction of high-angle boundaries including twin boundaries was 0.86. It is noteworthy that the fraction of twin boundaries in Figure 6(d) is 0.45, indicating that the stacking fault energy (SFE) of the matrix is fairly low in the alloy. It is known that low-stacking fault energy of {111} planes inhibits dynamic recovery during plastic deformation, leading to high dislocation densities, i.e., large driving force for recrystallization, in the deformed materials. It is also interesting that most of annealing twins are aligned parallel to the normal direction (ND) of the rolled specimen and are linked to the Cu-rich phase. It is reported that one outstanding feature of HEAs is a sluggish diffusion. [3, 10] Such a sluggish diffusion of atoms would inhibit growth of recrystallized grains, maintaning finer grain sizes during the annealing process. For example, the mean grain sizes of the recrystallized regions in Figures 6(c) and (d) are 1.0 and 1.4 lm, respectively, which are ultrafine grain szes. According to the Hall-Petch Table II . Chemical Concentrations (at. pct) in Two Local Regions Shown in Fig. 3(a) relationship, such a fine grain size would enhance the strength of the material. Figure 7 shows the change in average microhardness of the specimens annealed at different temperatures for various periods as a function of the fraction recrystallized. The open square, open circle, and open triangle  indicate the results of the specimens annealed at 923 K,  973 K, and 1073 K (650°C, 700°C , and 800°C), respectively. Solid diamond and solid hexagon are the hardness of the specimens heat treated at 1373 K (1100°C) (fraction of recrystallization, f rex , is 100 pct) and subsequently cold rolled by 90 pct reduction (f rex = 0 pct), respectively. Under an assumption that microhardness is proportionally decreased with increasing the fraction recrystallized, i.e., a linear rule of mixture, a dash-dotted line is drawn between the homogenized specimen (solid diamond) and the coldrolled specimen (solid hexagon), according to Eq. [2] .
B. Cold Rolling and Recrystallization
where HV h and HV d are microhardness values of the homogenized specimen (139 HV) and the cold-rolled specimen (330 HV), respectively. As the fraction recrystallized increases, the microhardness value decreases as expected. However, it is clearly seen that the values of microhardness of the partially recrystallized specimens are much higher than the value expected by the rule of mixture, which seems interesting because the hardness of the deformed matrix should decrease because of the recovery process during annealing. One possible reason for the higher hardness of the partially recrystallized specimens is the mean grain size of the recrystallized area. It is well known from the Hall-Petch relationship that the strength of metallic materials increases as the mean grain size of microstructure decreases. As seen in Figures 5 and 6 , the grain size of the recrystallized regions in the current alloy was fine. For instance, the mean grain sizes of the specimens annealed at 923 K, 973 K, and 1073 K (650°C, 700 and 800°C) for 1.8 ks are 0.7, 1.0 and 1.4 lm, respectively. Such a fine grain size in the partially recrystallized specimen might maintain high hardness even after recrystallization. It is interesting to discuss the reasons why such an ultrafine-grained microstructure is obtained in the current study. One reason must be a sluggish diffusion in HEAs. It has been reported that the normalized activation energy (Q/T m , where Q is the activation energy [kJ mol À1 ], T m is the melting temperature with an unit of Kelvin) for substitutional diffusion in a given alloy, of individual element in HEAs is higher than the normalized activation energy of self-diffusion in pure metals of the elements. Another reason for the fine grain size might be related to the fact that the current alloy consists of two phases. Grains with different lattice parameters and chemical concentrations are elongated after cold rolling, as shown in Figure 4 , to result in channels with small thicknesses. During subsequent annealing, grain growth toward ND of recrystallized grains in one phase is interrupted by the other phase. Such an anisotropic grain growth during annealing might result in keeping an ultrafine-grained structure. So far, several things are unclear things in the current alloy. For example, many pits were observed in the Cu-lean phase after partial recrystallization, as shown in Figure 5 , which suggests precipitation of another phase. If fine precipitation happens, then it would increase the hardness of the alloy and keep fine grain sizes of the matrix. Further systematic research on detailed microstructure evolution as well as data collection of diffusivity of the alloy is necessary for a deeper understanding of the possibilities of microstructure control in the current alloy.
IV. SUMMARY AND CONCLUSIONS
In the current investigation, we studied the recrystallization behaviors of conventionally cold-rolled CoCrCuFeNi HEA and discussed its microstructure evolution and hardness changes. The major results obtained are as follows:
1. The as-cast specimen had a dendrite structure consisting of two different fcc phases. The Cu-lean matrix and Cu-rich phase formed between solidified dendrites had lattice parameters of 0.35859 nm and 0.36148 nm, respectively. 2. After a heat treatment at 1373 K (1100°C), the two-phase structure maintained. The Cu-rich phase was spheroidized, and the dendrite structure disappeared. Enrichment of Cu in the Cu-rich phase was proceeded by the heat treatment. 3. Cu had positive mixing enthalpy with other four elements in binary combinations. We calculated the empirical mixing enthalpies of both Cu-depleted and Cu-rich phases in the as-cast and homogenized specimens. The results supported the Cu enrichment during the heat treatment, as the mixing enthalpy of both Cu-rich and Cu-lean phase increased by partitioning of Cu. 4. Fine-grain sizes around 1 lm were obtained in the Cu-lean matrix after recrystallization. After 90 pct cold rolling and subsequent annealing, microhardness tended to decrease with increasing the fraction to be recrystallized. However, it was found that the hardness of the partially recrystallized specimens was much higher than the value expected by a rule of mixtures between the 1373 K (1100°C) heat-treated and cold-rolled specimens. The higher hardness and fine recrystallized grain size in the current alloy were discussed.
